Hydrophobic interactions, based on cell surface hydrophobicity (CSH), are among the many and varied mechanisms of adherence deployed by the pathogenic yeast Candida albicans. Recently it was shown that, unlike C. albicans, C. dubliniensis is a species that exhibits an outer fibrillar layer consistent with constant CSH. Previously, C. dubliniensis grown at 25 or 37°C was shown to coaggregate with the oral anaerobic bacterium Fusobacterium nucleatum. C. albicans, however, demonstrated similar coaggregation only when hydrophobic or grown at 25°C. This observation implied that coaggregation of Candida cells with F. nucleatum is associated with a hydrophobic yeast cell surface. To test this hypothesis, 42 C. albicans and 40 C. dubliniensis clinical isolates, including a C. albicans hydrophobic variant, were grown at 25 and 37°C and tested with the established hydrophobicity microsphere assay, which determines CSH levels based on the number of microspheres attached to the yeast cells. The coaggregation assay was performed in parallel experiments. All C. dubliniensis isolates grown at either temperature, hydrophobic 25°C-grown C. albicans isolates, and the C. albicans hydrophobic variant, unlike the 37°C-hydrophilic C. albicans isolates, exhibited hydrophobic CSH levels with the microsphere assay and simultaneously showed maximum, 4؉, coaggregation with F. nucleatum. The parallel results obtained for C. dubliniensis using both assays support the use of the CoAg assay both as a rapid assay to determine CSH and to differentiate between C. dubliniensis and C. albicans.
As with many other infectious processes, the adherence of the yeast Candida albicans to host tissues is an important first step in its successful colonization (3, 5, (15) (16) (17) . The mechanisms of adherence deployed by C. albicans, however, are varied and extremely complex (18) . Yeast cell surface hydrophobicity (CSH) has been shown to be involved in the adherence process of the yeast by providing hydrophobic interactions (2, 9) . CSH is characterized by the presence of hydrophobic proteins embedded in the yeast cell wall matrix beneath an outer fibrillar layer and can be accurately assessed using a hydrophobicity microsphere assay (HMA) (9) . Exposure of these hydrophobic proteins results in CSH; therefore, CSH is subject to cell surface variations such as a shortened or rearranged fibrillar layer (9, 10, 13) . Variation in growth temperature is one of the factors that is known to affect CSH (9, 10) . In fact, C. albicans cells are hydrophobic when grown at 25°C and hydrophilic at 37°C (9, 10) . In addition to the increased adherence ability that hydrophobic yeast cells possess, virulence and phagocytosis studies showed cells grown at 25°C to be more virulent than those grown at 37°C (1, 6, 11) . Recent investigations involving the characterization of C. dubliniensis (19, 20) have shown that this new species possesses an outer fibrillar layer which does not vary with growth temperature and which is consistent in length and arrangement with a hydrophobic yeast cell status (13) . This property may allow C. dubliniensis to, unlike C. albicans, exhibit constant CSH (13) . Follow-up studies on the CSH of C. dubliniensis relative to adherence have shown that C. dubliniensis has greater adherence to pooled human buccal epithelial cells in vitro than do typical C. albicans strains (in press).
In characterization studies of C. dubliniensis, coaggregation (CoAg) was observed between C. dubliniensis and the oral anaerobic bacterium Fusobacterium nucleatum (14) . It was observed that when suspensions of C. dubliniensis cells grown at either 37 or 25°C were mixed with suspensions of F. nucleatum cells, all the C. dubliniensis isolates tested coaggregated with cells of F. nucleatum. However, when C. albicans cells grown at 37°C under the same conditions were mixed with an F. nucleatum cell suspension, all isolates tested failed to coaggregate with F. nucleatum. When the same C. albicans isolates were rendered hydrophobic by growing them at 25°C and suspensions of the cells were mixed with an F. nucleatum cell suspension, C. albicans cells coaggregated in a manner similar to that of the C. dubliniensis isolates (14) .
The results of this previous study established that a specific CoAg relationship exists between F. nucleatum and C. dubliniensis and other yeast cells known to be hydrophobic. This suggests that CoAg assay results, in addition to species differentiation, may correlate with HMA-determined CSH levels and therefore can be used to determine yeast CSH. To confirm this hypothesis, a study was designed to compare the performance of the CoAg assay in detecting hydrophobic C. albicans and C. dubliniensis isolates to that of the HMA, an established assay for detection of hydrophobic yeast cell populations based on the attachment of microspheres to hydrophobic yeast cells (8) (9) (10) (11) .
MATERIALS AND METHODS
Yeast and bacterial cultures. Yeast strains and culture conditions. Forty-two C. albicans isolates including strains ATCC 18804 and LGH1095, 40 C. dubliniensis isolates including the reference strain (CD36 NCPF 3949), and a C. albicans hydrophobic variant A9V10 (21) were included in this study. C. dubliniensis strains were identified using established criteria (12) . Suspensions were prepared for C. albicans and C. dubliniensis isolates from colonies grown at 25 or 37°C for 24 or 48 h on Sabouraud dextrose agar (SDA; Difco Laboratories, Detroit, Mich.).
Bacterial cultures. F. nucleatum (ATCC 49256) was grown on brucella blood agar in a Coy anaerobic chamber (Coy Laboratory Products, Ann Arbor, Mich.) at 37°C for 2 to 4 days. Organisms were harvested by scraping the plates, and cells were washed twice in CoAg buffer (20 mM Tris-HCl [pH 7.8], 0.1 mM CaCl 2 , 0.1 mM MgCl 2 , 0.15 M NaCl, 0.02% NaN 3 ) (4). Suspensions of bacterial cells were packed after centrifugation at 3,000 ϫ g for 10 min and resuspended into a 1% (vol/vol) cell suspension with CoAg buffer. Bacterial cells were used immediately or stored at 4°C until use.
HMA. CSH levels for 40 C. dubliniensis clinical isolates including the type strain CD36 were determined by the method of Hazen et al. (10) . For comparison, the CSH levels of two C. albicans strains, ATCC 18804 and LGH1095, were also determined. For this assay, yeast cells were grown on SDA for 48 h at 25 or 37°C. Cells were then harvested by centrifugation and washed three times with cold, sterile distilled H 2 O, and the pellet was suspended in cold, sterile distilled H 2 O. From the suspension, 3 l was added to 3 ml of water (1/1,000 dilution), while the original cell suspension was repelleted and held on ice. The cell concentration was determined by loading 10 l of the second suspension (1/ 1,000) in a hemocytometer, the cells were counted, and cell concentration was then adjusted to 2 ϫ 10 6 /ml in sodium phosphate buffer (0.05 M, pH 7.2). The cells in suspension were repelleted and placed on ice. In a separate clean glass tube, 6 l of bead suspension (low-sulfate white polystyrene microspheres; 0.825-m diameter; Bangs Laboratories, Inc., Fishers, Ind.) was added to 2 ml of cold HMA buffer and then mixed by vortexing (the final bead concentration of 9.02 ϫ 10 8 spheres/ml was obtained by diluting 6 l of a 10% solid stock suspension of microspheres in 2 ml of buffer). To three clean glass test tubes, 100 l each of the cell and bead suspensions was added, and after equilibration to room temperature for 2 min the cell-microsphere mixture was vigorously vortexed for 30 s. A drop from each tube was then loaded on a hemocytometer, and the cells were counted. The percentage of cells having three or more attached microspheres was considered the CSH value of the yeast cell population. For each sample, 100 cells were counted and each cell population was assayed in triplicate (10) .
CoAg assay. For the CoAg assay, yeast cells were washed three times with CoAg buffer and resuspended in the same buffer to a 5% cell concentration (14) . Cells were used immediately or stored at 4°C for use within 3 days.
The ability of the microorganisms to coaggregate was screened using the visual CoAg assay (4, 14) . A 100-l aliquot of yeast suspension (10%) was mixed with 200 l of the bacterial suspension (1%) and 100 l of CoAg buffer, or as a control each CoAg partner was mixed with just the CoAg buffer (7, 14) . The mixtures were vortexed for 10 s, shaken on a rotary platform shaker for 3 min, and left undisturbed at room temperature for an additional 2 min. The degree of CoAg was recorded on a scale of 0 to 4ϩ as follows: 0, no visible aggregates in the cell suspension; 1ϩ, small uniform coaggregates in the suspension; 2ϩ, coaggregates that are easily seen but no immediate settling of coaggregates; 3ϩ, large coaggregates which settle rapidly, leaving some turbidity in the supernatant fluid; 4ϩ, large coaggregates which settle immediately, leaving clear supernatant fluid. All CoAg reactions were performed in duplicate.
RESULTS

HMA results
. CSH values obtained with the HMA for the C. albicans variant A9V10 (Table 1) and all 40 C. dubliniensis strains (Table 2) were consistent with a hydrophobic yeast cell status for all isolates grown at 25 and 37°C. However, CSH values for the C. albicans ATCC 18804 strain and LGH1095 strain used as controls differed between growth temperatures, as previously reported (8, 9) . Both strains were hydrophobic when grown at room temperature and hydrophilic at 37°C (Table 1) .
CoAg results. Suspensions in CoAg buffer of 40 strains of C. dubliniensis, 42 strains of C. albicans, and the C. albicans hydrophobic variant A9V10 grown at 37°C on SDA plates were tested with strains of F. nucleatum. Visual CoAg with F. nucleatum was observed only with the 40 C. dubliniensis strains, grown at either temperature, with the 25°C-grown 42 C. albicans isolates, and with the C. albicans hydrophobic variant A9V10. No visual CoAg was observed between F. nucleatum and these 42 C. albicans strains grown at 37°C. The CoAg reaction between all 40 C. dubliniensis strains grown at either temperature and F. nucleatum was the maximum 4ϩ. Similarly, the CoAg reaction with the C. albicans hydrophobic variant and F. nucleatum was 4ϩ regardless of growth temperature. The CoAg reactions between the 40 25°C-grown clinical C. albicans isolates and the C. albicans ATCC 18804 and LGH1095 strains (Table 1) and F. nucleatum ranged between 3ϩ and 4ϩ.
DISCUSSION
The similarities between the interactions of hydrophobic yeast cells with both microsphere beads and F. nucleatum support the hypothesis that the CoAg assay detects CSH and is similar to the HMA in function (14) . In our study, 40 C. dubliniensis isolates were grown at 25 and 37°C and tested with the HMA. In addition, the hydrophobic variant C. albicans A9V10 was also included for comparison along with the C. albicans LGH1095 strain, which has been extensively used by Hazen et al. (8, 10) in hydrophobicity studies. C. albicans
LGH1095 is reported to typically have a hydrophobicity value of Ͼ70% when grown at 25°C and a value of Ͻ10% when grown at 37°C (8, 10) .
Our CSH values for C. albicans LGH1095 correlated with the previously reported values (Table 1) (8, 10) . CSH values for each C. dubliniensis strain tested (Table 2) , as well as the C. albicans hydrophobic variant A9V10 (Table 1) , were similar (i.e., constant hydrophobicity) for 25°C-and 37°C-grown cells. Unlike typical C. albicans strains, which demonstrate Ͻ10% hydrophobicity at 37°C, C. dubliniensis isolates and the C. albicans hydrophobic variant V9A10 had CSH values at the 37°C growth temperature that demonstrated hydrophobicity (9, 10) .
With a variety of previously published methods, the CoAg reaction was characterized as involving a heat-labile (protein) receptor on F. nucleatum and a heat-stable or a polysaccharide component on C. dubliniensis (14) . Although the specific mediators of adherence between Candida and F. nucleatum in the CoAg assay or Candida and the microsphere beads in the HMA are not fully known, both types of interactions seem to be consistently dependent on a hydrophobic cell surface topography of the yeast.
In the CoAg assay, cells of the bacterium F. nucleatum, like the microsphere beads in the HMA, are able to penetrate the spaced-out, short fibrils of the fibrillar layer of hydrophobic cells, whether 25°C-grown C. albicans, strain A9V10, or C. dubliniensis, and adhere to receptors embedded in the cell wall of the yeast (13, 14) . In the case of the CoAg, however, due to their enhanced ability to adhere, F. nucleatum cells are able to adhere to multiple yeast cells, causing linking between the yeast cells, which results in CoAg. This resulting visual CoAg in the test tube can be used to determine the hydrophobicity of a yeast cell suspension, similarly to the HMA process of counting microspheres attached to yeast cells.
The parallel results obtained with the two assays for all 40 C. dubliniensis isolates used in this study support the assertion that the CoAg assay, in addition to being used to differentiate between C. dubliniensis and C. albicans, can also be used to evaluate CSH. The HMA gives the average CSH level for the cell population, and therefore CSH values for a hydrophobic population of cells at different stages of growth may vary.
Its simplicity and rapidity make the CoAg assay preferable for use in clinical laboratories for differentiation between C. albicans and C. dubliniensis, as well as in research laboratories for yeast CSH studies.
